Circadian timekeeping in mammals is driven by transcriptional/posttranslational feedback loops [1] that are active within both peripheral tissues and the circadian pacemaker of the suprachiasmatic nuclei (SCN). Spontaneous synchronization of these molecular loops between SCN neurons is a primary requirement of its pacemaker role and distinguishes it from peripheral tissues, which require extrinsic, SCN-dependent cues to impose cellular synchrony [2, 3] . Vasoactive intestinal polypeptide (VIP) is an intrinsic SCN factor implicated in acute activation and electrical synchronization of SCN neurons [4, 5] and coordination of behavioral rhythms [6] . Using real-time imaging of cellular circadian gene expression across entire SCN slice cultures, we show for the first time that the Vipr2 gene encoding the VPAC 2 receptor for VIP is necessary both to maintain molecular timekeeping within individual SCN neurons and to synchronize molecular timekeeping between SCN neurons embedded within intact, organotypical circuits. Moreover, we demonstrate that both depolarization and a second SCN neuropeptide, gastrin-releasing peptide (GRP), can acutely enhance and synchronize molecular timekeeping in Vipr22/2 SCN neurons. Nevertheless, transiently activated and synchronized Vipr22/2 cells cannot sustain synchrony in the absence of VIP-ergic signaling. Hence, neuropeptidergic interneuronal signaling confers a canonical property upon the SCN: spontaneous synchronization of the intracellular molecular clockworks of individual neurons.
Summary
Circadian timekeeping in mammals is driven by transcriptional/posttranslational feedback loops [1] that are active within both peripheral tissues and the circadian pacemaker of the suprachiasmatic nuclei (SCN). Spontaneous synchronization of these molecular loops between SCN neurons is a primary requirement of its pacemaker role and distinguishes it from peripheral tissues, which require extrinsic, SCN-dependent cues to impose cellular synchrony [2, 3] . Vasoactive intestinal polypeptide (VIP) is an intrinsic SCN factor implicated in acute activation and electrical synchronization of SCN neurons [4, 5] and coordination of behavioral rhythms [6] . Using real-time imaging of cellular circadian gene expression across entire SCN slice cultures, we show for the first time that the Vipr2 gene encoding the VPAC 2 receptor for VIP is necessary both to maintain molecular timekeeping within individual SCN neurons and to synchronize molecular timekeeping between SCN neurons embedded within intact, organotypical circuits. Moreover, we demonstrate that both depolarization and a second SCN neuropeptide, gastrin-releasing peptide (GRP), can acutely enhance and synchronize molecular timekeeping in Vipr22/2 SCN neurons. Nevertheless, transiently activated and synchronized Vipr22/2 cells cannot sustain synchrony in the absence of VIP-ergic signaling. Hence, neuropeptidergic interneuronal signaling confers a canonical property upon the SCN: spontaneous synchronization of the intracellular molecular clockworks of individual neurons.
Results
The molecular oscillator of the SCN is centered on rhythmic expression of Period (Per) and Cryptochrome (Cry) genes [1] . To test the role of VIP in molecular timekeeping within individual neurons in intact SCN circuits, we made real-time recordings of circadian gene expression in Vipr2 mutants carrying an mPer1::luciferase transgene as a reporter of activity within the core circadian feedback loop [7] . Photomultiplier (PMT) recordings of luciferase activity from organotypic SCN slices of wildtype (Vip2+/+, n = 7) mice revealed high-amplitude, precisely defined circadian cycles of gene expression [7] ( Figure 1A ). Consistent with the normal circadian rest/ activity behavior of heterozygous mice [6] , Vipr2+/2 slices (n = 31) also exhibited well-defined circadian cycles of bioluminescence. In contrast, bioluminescence from Vipr22/2 slices was extremely low, typically at or below the circadian nadir for wild-type SCN tissue ( Figure 1B ) (n = 18). For confirmation that this defect was not an artifact of the luciferase reporter gene, real-time fluorescence recordings were made from organotypic slices carrying a mPer1::GFP reporter transgene [8, 9] . Whereas both wild-type and Vipr2+/2 slices (n = 13 and n = 8, respectively) exhibited well-defined, highamplitude circadian cycles of Per-driven fluorescence integrated across the SCN, significant circadian gene expression could not be detected from the SCN of Vipr22/2 slices (n = 9) (Figures S1A-S1D and Movies 1 and 2 in the Supplemental Data available online). These independent observations with two different reporter genes demonstrated that loss of VIP-ergic signaling compromised molecular timekeeping within intact SCN circuits. Closer examination of the PMT data revealed a very low amplitude and imprecise circadian variation in most VPAC 2 null slices with a period (determined to be statistically significant by BRASS) of 24.36 6 0.35 hr (mean + SEM, n = 17), which is comparable to that of Vipr2+/+ (24.28 6 0.16 hr) and Vipr2+/2 (24.92 6 0.10 hr) slices (n = 7 and n = 31, respectively) ( Figure 1B) . Importantly, the amplitude of circadian bioluminescence was less than 10% of heterozygote tissues ( Figure 1C) ; hence the undetectable fluorescence signal in Vipr22/2 slices. Furthermore, residual oscillation was unstable, dampening more rapidly than that of heterozygote tissue ( Figure 1D ). This compromise of the core circadian oscillator in the SCN provides an immediate molecular explanation of disrupted electrophysiological and behavioral rhythms of Vipr22/2 mice and of the basal, arrhythmic SCN gene expression in vivo [4] [5] [6] .
For examining the cellular basis of disorganized molecular timekeeping, SCN slices were imaged with a CCD camera. As reported in wild-type slices [7] , each Vipr2+/2 SCN exhibited pronounced circadian cycles of Per-driven bioluminescence ( Figure 2A and Movie 3) from abundant bioluminescent cells (98.5 6 10.2 cells per SCN from six slices). The overwhelming majority (>95%) of the Per1-expressing cells were clearly circadian, and their rhythms were precisely organized with a tendency for gene expression to peak earlier in the medial SCN and then spread laterally. This cellular synchrony and topographical distribution was also evident in recordings of cellular Per1-driven fluorescence (Movie 1). Across the entire SCN, the phases of peak cellular fluorescence or bioluminescence were clustered into an interval of 4-5 hr, evident from both graphical plots ( Figure 2B and Figures S1E and S1F) and raster plots ( Figure 2C ). Cellular synchrony of molecular timekeeping was confirmed statistically by Rayleigh tests [10] , with highly significant phase clustering (p < 10 25 ) in all six Vipr2+/2 slices ( Figure 2D ).
In contrast to cellular bioluminescence from wild-type and Vipr2+/2 slices, that from Vipr22/2 slices was of extremely low intensity, and fewer rhythmic cells could be detected, typically scattered across the medial SCN (54.6 6 11.4 per SCN from seven slices, equivalent to 55.4% of heterozygote frequency) ( Figures 2E and 2F and Movie 4). Close inspection of Per-driven fluorescence recordings also revealed rhythmic cells in the medial Vipr22/2 SCN ( Figure S1G ), although appreciably fewer cells (<5 per slice from five slices) were detectable than by the more sensitive bioluminescence imaging. In contrast to the highly regular bioluminescence rhythms of cells in Vipr2+/2 slices, those of Vipr22/2 cells were very irregular (Figures 2G and 2H) . Moreover, rhythmic cells in the Vipr22/2 SCN were only loosely synchronized, with many phases of oscillation represented simultaneously ( Figures 2F-2H ). Consequently, Rayleigh tests indicated borderline cellular synchrony in one SCN ( Figure 2I , p = 0.046) and the absence of statistically significant (p > 0.05) cellular synchrony in six other slices.
The loss of VIP-ergic signaling in the intact SCN therefore had two effects on the molecular clockwork. First, rhythmicity as revealed by two independent reporters was either suspended or depressed below the limits of detection in many neurons. Second, in the SCN cells that maintained detectable circadian gene expression, interneuronal synchrony of molecular timekeeping was lost. This loss of spontaneous synchrony of the intracellular feedback loops of SCN neurons provides a direct molecular explanation for the asynchronous electricalfiring rhythms observed in mixed dispersed cultures from Vipr22/2 mice [5] . Moreover, it answers the question posed by Harmar et al. [6] of whether compromised Per expression rhythms in Vipr22/2 SCN in vivo arise from dampened cellular rhythms or asynchrony: Clearly, the mutation has both effects on the molecular clockwork. Finally, it shows definitively that other signaling mechanisms present in the organotypic neural circuits, mechanisms that would be absent in dispersed cultures, cannot compensate for the loss of VPAC 2 receptors. In the absence of VIP-ergic signals, therefore, SCN neurons behave like fibroblasts in long-term culture; their molecular cycles persist but without cellular synchrony [2, 3] .
Slices were immunostained after CCD or fluorescence recordings to better characterize rhythmic SCN neurons, by matching the distribution of rhythmic cells with that of VIP or AVP neurons, indicators of SCN ''core'' and ''shell'' subregions, respectively [11] . For both reporters, circadian expression was most pronounced in the dorsal and medial regions of the SCN in direct register with the AVP shell neurons ( Figures S2A-S2C ). In contrast, circadian gene expression in areas lacking AVP cells was of low amplitude, and rhythmic cells were difficult to identify among the densely packed VIP perikarya of the core ( Figures S2D and S2E ). VIP-ergic fibers did, however, project profusely into the strongly rhythmic SCN shell. This topographic distribution of rhythmic cells was recapitulated in Vipr22/2 slices. Notably, cells that retained molecular timekeeping were in register with the AVP-rich shell ( Figure S2F ), in regions richly innervated by processes from VIP cells, but did not overlap with the VIP perikarya of the core ( Figure S2G ). It is therefore likely that AVP-positive, VIP-negative neurons of the SCN shell are the principal origin of circadian clock gene expression and that these AVP cells, rather than VIP cells, continue to exhibit molecular timekeeping in the Vipr22/2 SCN.
Having demonstrated cellular asynchrony of molecular timekeeping in the Vipr22/2 SCN, we sought to identify whether circadian gene expression might be enhanced, and if so whether cellular synchrony might be sustained once it was imposed by an external cue. Firing rates in acutely prepared SCN slices are lower in mutants than in wild-types, show no circadian modulation [4] , and are hyperpolarized [12] . Moreover, circadian expression of mPer1 and mPER2 from wild-type SCN slices is suppressed by hyperpolarization and by blockade of transmembrane calcium flux [13] . Circadian dysfunction in Vipr22/2 neurons may therefore arise from electrophysiological disturbance, specifically hyperpolarization. We therefore tested the effect of acute depolarization with 40 mM K + on circadian gene expression, initially with PMTs to record from the entire SCN. In heterozygote slices (n = 7), this caused an immediate, dramatic, and sustained increase in Per1 expression, with circadian oscillation persisting around this elevated level ( Figure S3A ] but only by 365 6 234 cps (16.5 6 6.7% of control condition) in the same slices treated with EGTA (paired t test p < 0.05, n = 3).
Poorly coordinated Vipr22/2 SCN slices (n = 8) also responded to 40 mM K + with an immediate increase in luciferase activity ( Figure S3C ) with clear circadian oscillation. Once elevated K + was removed, bioluminescence returned to pretreatment levels, but the induced oscillation persisted ( Figure S3D ). Overall, circadian amplitude was increased circa 3-fold following depolarization ( Figure S3E ), and coherence was markedly enhanced. This was not observed with new medium without depolarization ( Figure S3C ). These effects of depolarization may reflect enhanced expression from individual cells, a greater number of active cells, and/or restoration of cellular synchrony, all leading to enhanced aggregate expression because cycles peak simultaneously. Cellular Per1::luciferase activity was therefore monitored in three Vipr22/2 slices by CCD before and after depolarization. As noted, prior to addition of 40 mM K + , rhythmic cells were predominantly in the medial SCN ( Figure 3A) , and their cycles were of low amplitude and asynchronous (Movie 5) with nonsignificant Rayleigh tests (p > 0.05). Consistent with PMT recordings, aggregate circadian gene expression from the entire SCN progressively dampened. Addition of 40 mM K + immediately and dramatically increased bioluminescence from the SCN (Figure 3B) , thereby revealing many cells not previously detected. Measured across the slice and also at a cellular level, gene expression was circadian during depolarization. Upon wash-out, bioluminescence returned to pretreatment levels, and appreciably fewer individual cells were obvious by CCD ( Figure 3C ). Nevertheless, these individual cells were circadian in their gene expression ( Figure 3D) , and, moreover, they were synchronous with highly significant Rayleigh tests (p < 10 23 ) (Figures 3E  and 3F ). This cellular synchronization was reflected in enhanced circadian emission integrated across the slice, consistent with PMT studies of K + depolarization. The effects of depolarization were, however, transient. Even though rhythmic gene expression was retained in some cells, in others it was lost several days after the stimulation (Figures 3D and 3E) . Moreover, the intracellular timers of residual circadian cells gradually drifted out of phase, and the statistical significance of the Rayleigh test declined ( Figure 3F ). Consequently, aggregate circadian expression across the slice progressively dampened. Depolarization is therefore able to induce transient circadian gene expression in individual Vipr22/2 SCN neurons. Moreover, once depolarization is terminated, the acute activation of the neurons is sufficient to impose a transient synchrony upon them. In the absence of VIP-ergic signals, however, molecular circadian synchrony cannot be maintained within intact SCN circuits. The intrinsic SCN peptide gastrin-releasing peptide (GRP) acutely activates electrical firing of SCN neurons [4] and triggers electrical-firing rhythms in acute SCN Vipr22/2 slices [14] . To extend our findings with K + -induced depolarization, we selected GRP as a candidate for endogenous regulation of molecular synchrony in SCN circuits. Treatment of heterozygous slices with GRP (100 nM) at the circadian nadir had no effect on amplitude or coherence of circadian gene expression monitored by PMT, but caused a significant phase advance of the molecular cycle (GRP, 1.22 6 0.56 hr; vehicle 0.22 6 0.06 hr, n = 3), consistent with its phase-shifting action in vivo [15, 16] . The effect of GRP on Vipr22/2 slices was more dramatic, insofar as the peptide acutely increased the overall level of bioluminescence monitored by PMT ( Figure S3F ). It also markedly enhanced the coherence and amplitude of circadian gene expression, sustained for several cycles. Compared to pretreatment levels, the peak amplitude increased by 291% 6 100%, whereas addition of vehicle was accompanied by a fall to 59% 6 26% of pretreatment levels (n = 3 p < 0.05). Despite suppression of bioluminescence by 1.0 mM tetrodotoxin (TTX) [7] , GRP remained effective ( Figure S3G ), suggesting that it acts independently of sodium-dependent action potentials, possibly directly on rhythmic neurons.
Activation of Vipr22/2 SCN slices with GRP therefore mimicked acute depolarization with K + . CCD recordings were therefore made on three slices to examine the response of individual neurons. Prior to addition of GRP, rhythmic cells were predominantly in the medial SCN ( Figure 4A ). They oscillated at low amplitude but were not synchronized (Rayleigh tests p > 0.05). Within 6 hr of addition of GRP, cellular luciferase emission increased across the SCN as a whole with more individual cells detectable by CCD, and, consistent with the PMT recordings, the increased emission was sustained for several days after GRP addition ( Figure 4B ). Moreover, circadian gene expression in these cells was synchronized by GRP for at least four cycles ( Figures 4C and  4D) . As with K + -induced depolarization, however, circadian gene expression progressively declined in some cells, and among the others synchrony was lost. Consequently, 6 days after addition of GRP, rhythmic units could still be identified, but their individual timekeeping gradually drifted out of phase ( Figure 4E) , and the restored cycles of aggregate gene expression across the SCN dampened. Hence, GRP can acutely activate and synchronize molecular timekeeping in SCN neurons lacking VIP-ergic signals, but VIP-ergic signaling is essential to maintain intrinsic synchrony of molecular timekeeping within intact SCN circuits.
Discussion
A critical issue for understanding SCN function is to identify how molecular timekeeping is synchronized between oscillatory neurons to ensure that they broadcast a coherent circadian signal to peripheral tissues and thereby coordinate physiology and behavior [17, 18] . We show here for the first time that VIP-ergic signaling is necessary both to sustain molecular timekeeping in a subpopulation of SCN neurons and to maintain molecular synchrony among those SCN cells capable of circadian gene expression in the absence of VIP-ergic cues. Furthermore, we show that depolarization and treatment with a second SCN neuropeptide, GRP, acutely activates and synchronizes molecular clocks in the absence of VIPergic signals. This imposition of synchrony is, however, insufficient to maintain coordinated molecular cycles within the intact, organotypic circuitry of the Vipr22/2 SCN.
Current models of the SCN clockwork propose that the molecular loops drive daily waves of gene expression governing electrophysiological and other circadian properties of SCN neurons [19, 20] . They fail, however, to consider how cellular clocks operate within SCN circuits and whether events at the membrane assist in driving the intracellular feedback loops [21, 22] . In Drosophila, electrical silencing of pigment-dispersing factor (PDF) neurons compromises molecular oscillations within these pacemaker cells [23] . Equally, interruption of electrical signaling with TTX both desynchronizes and attenuates cellular circadian rhythms of mPer1::luciferase activity in SCN slices [7] . These observations indicate some dependence of intracellular molecular oscillations on the electrophysiological state of pacemaker neurons. One critical role of the VPAC 2 receptor may be to maintain membrane potential of SCN neurons within a range consistent with molecular timekeeping. Hence, its loss leads to hyperpolarization [12] and attenuated Per expression, thereby compromising the molecular feedback loops, whereas acute depolarization with elevated [K + ] increased mPer1 expression in Vipr22/2 slices, thereby facilitating circadian cycles. The response to depolarization involves extracellular [Ca 2+ ] because buffering with EGTA attenuated K + -induced Per expression in Vipr2+/2 slices, whereas buffering of intracellular [Ca 2+ ] completely suppresses Per1 and PER2 expression [13] . [Ca 2+ ] affects Per expression via calcium/cAMP response elements (CREs) [24] , which have received most attention in the context of acute induction, but it is possible that calcium-dependent activation of CREs is a necessary complement to activation of E boxes by CLOCK::BMAL for normal circadian regulation of Per and the SCN clockwork. Circadian dysregulation in Vipr22/2 SCN cells may therefore arise from insufficient basal [Ca 2+ ]/CRE activity, the mutation driving [Ca 2+ ] levels below the normal homeostatic range for Per expression. Indeed, [Ca 2+ ] levels in Vipr22/2 SCN cells are below the wild-type circadian nadir (E.S.M. and D. Bowser, unpublished data). Importantly, our imaging studies show that in Vipr22/2 slices, cells localized to the AVP-rich SCN shell retain molecular timekeeping, and it remains to be determined whether these cells are qualitatively distinct from other neurons. Differential expression of calcium binding proteins has been implicated in determining circadian phenotype of SCN neurons [25] , and it is possible that these putative pacemakers are able to maintain [Ca 2+ ] levels adequate for molecular timekeeping despite the loss of VIP-ergic activation. These cells also respond to a second SCN neuropeptide, GRP, even in the presence of TTX, suggesting a direct action on pacemaker cells, consistent with resetting of behavioral and SCN electrical circadian rhythms by GRP [14] [15] [16] .
In showing that VIP-ergic signals are necessary for synchronization of molecular timekeeping in the SCN, our imaging studies provide a molecular explanation for the lack of electrical synchrony in mixed SCN dispersals from Vipr22/2 mice [5] . Importantly, we show that even when the SCN circuitry is intact, which is obviously not the case in dispersal cultures, synchrony is lost in the absence of VIP-ergic signals. Compromised gene expression was enhanced by depolarization, simultaneously setting cells across the slice to a common phase. In this regard, Vipr22/2 SCN neurons again behaved as fibroblasts cultures, which can be resynchronized by extracellular cues [2, 3] . The synchronized cells were, however, unable to maintain synchrony once the stimulus was removed. VIP-ergic signals are therefore required for synchronization of cellular clocks within SCN circuits: Transiently imposed synchrony and acutely increased gene expression are insufficient to overcome defective signaling. VIP itself may be the synchronizing factor, and its abilities both to sustain rhythmic gene expression and to synchronize cells are potentially two manifestations of a common cellular action. For example, regulation of [Ca 2+ ] levels and depolarization by VIP may both maintain the intracellular timing loop and also render the neuron responsive to further VIP signals. Alternatively, maintenance of the molecular loop and polarization by VIP may facilitate cellular responses to other synchronizing signals, e.g., GABA [26, 27] , which facilitates electrical coupling between the ventral and dorsal SCN [28] .
Regardless of mechanism, these results show that, paradoxically, robust and synchronized molecular timekeeping in the shell depends on a neuropeptidergic signal derived from the weakly rhythmic or arrhythmic VIP neurons of the core. This dependence of the SCN intracellular oscillator on peptidergic signals has strong parallels with Drosophila, where loss of PDF receptor compromises circadian activity rhythms, echoing the Vipr22/2 phenotype in mice [29] [30] [31] . PDF is also a synchronizing factor between light-responsive ventrallateral PDF neurons (cf. SCN core) and other clock neurons controlling circadian gene expression in downstream targets (cf. SCN shell) [32, 33] . Combined with these discoveries in Drosophila, real-time analysis of molecular timekeeping in neurochemically defined subregions and neurons of the organotypical SCN is revealing new organizing principles of cellular circadian timing that demand an appreciation of events within circuits as well as inside individual cells. In conclusion, by demonstrating that neuropeptidergic signaling is responsible for inter-neuronal synchronization, we have identified a mechanism that confers upon the SCN a distinctive, canonical property: spontaneous synchronization of molecular timekeeping.
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